Abstract: Nanotechnology has virtually exploded in the last few years with seemingly limitless opportunity across all segments of our society. If gene and RNA therapy are to ever realize their full potential, there is a great need for nanomaterials that can bind, stabilize, and deliver these macromolecular nucleic acids into human cells and tissues. Many researchers have turned to gold nanomaterials, as gold is thought to be relatively well tolerated in humans and provides an inert material upon which nucleic acids can attach. Here, we review the various strategies for associating macromolecular nucleic acids to the surface of gold nanoparticles (GNPs), the characterization chemistries involved, and the potential advantages of GNPs in terms of stabilization and delivery.
Introduction
The ability of gold nanoparticles (GNPs) to interact with and enter cells has encouraged researchers to attach various compounds and biological macromolecules to gold in an effort to combine functionality with transport. Realization that GNPs can potentially stabilize and protect DNA, RNA, and other conjugates in solution proposes additional benefits over multistep methods that require separate approaches to delivery and stabilization. Excitement over the potential of GNPs has spurred research in many directions, which in addition to gene and RNA stabilization and delivery include a diversity of applications in materials science and sensor technologies as summarized in Figure 1 .
For example, it is now possible to manipulate GNPs to detect extremely small concentrations of analyte, 1 serve as scaffolds for 2-and 3-dimensional constructs, 2 and behave as real-time observable nodes for imaging studies. 3 In terms of biomedical applications for GNPs, nanotechnology is poised to finally deliver upon its promise to transform the face of molecular medicine, as evidenced by its existence in clinical trials on human subjects. 4 This review focuses on the recent literature for the use of GNPs as delivery agents and their association and advantages in combination with biomacromolecules, particularly proteins, DNA, and RNA for potential biomedical applications. The discussion begins with functionalization of GNPs and the chemical functional groups used to produce derivatives for the purpose of such biomolecular interactions. The topic continues with characterization chemistries, spectroscopic techniques, and methods to study the conjugates formed between the GNPs and the biomolecules. Finally, the applications of these conjugates, particularly their ability to stabilize and deliver DNA and more recently RNA, are discussed.
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DeLong et al RNA, 90 proteins, 24 peptides, 45 carboxylic acids, 8 and poly(amidoamine) (PAMAM) dendrimers. 
Functionalization strategies and chemistries
Functionalization of nanoparticles is necessary for their stability, functionality, and biocompatibility. The ultimate goal in functionalization is to preserve the properties of the GNP and the bound biological molecule. In other words, the biological molecule should be stable and able to retain its biorecognition properties and GNPs should be able to retain their unique properties such as strong plasmon absorption bands, 5 light scattering, 6 etc. For biomedical applications, surface-functionalization of GNPs is essential in order to target them to specific disease areas and allow them to selectively interact with cells or biological molecules. In general, functionalization of GNPs can be performed by either using chemical functional groups or biological molecules.
Chemical functional groups
Colloidal GNPs are normally stabilized against aggregation by using long hydrocarbon ligand chains consisting of various functional groups. One end of these molecules is adsorbed on the gold surface, whereas the other end points towards the solution, as shown in Figure 2 for the adsorption of mercaptocarboxylic acid molecules on a GNP surface. In the case of water-soluble nanoparticles, these functional groups are often carboxylic acids which stabilize the nanoparticles by electrostatic repulsion and can be exploited for the conjugation of other molecules to the particles. The choice of ligand depends on the particle size and the solvent. These ligands can also be used as anchor points for further attachment of biological molecules which will be demonstrated in the following section. Mercaptocarboxylic acids are popular in the stabilization of GNPs due to the strong affinity of sulfur for gold. 7, 8 Nanotechnology, Science 
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Functionalized gold nanoparticles
Polyethylene glycol (PEG) is also used as a ligand, as it provides colloidal stability because nanoparticles with PEG brushes on their surfaces repel each other for steric reasons. 9 The use of PEG as a ligand enables the fabrication of unusually robust, water-soluble GNPs that do not aggregate even under extreme pH and ionic strength conditions or in the presence of proteins. In some cases, it may be necessary to change the ligand. Ligand exchange is motivated by several aspects: (1) the transfer of GNPs from an aqueous to an organic phase (and vice versa) and (2) by exchanging hydrophilic surfactants with hydrophobic surfactants (and vice versa). 10 Doing so enables further tuning of surface properties of the nanoparticles.
Modification with biological molecules
Biological molecules can be exploited for the functionalization of nanoparticles. GNP conjugates bring together the unique properties and functionalities of both materials (eg, strong plasmon absorption bands, light scattering of the nanoparticles, and the ability of biological molecules to achieve high specific binding by molecular recognition). 8 Several ways have been utilized to attach biological molecules to nanoparticles. Among these, using the electrostatic interactions between the GNPs and the biological molecules is one of the easiest ways to functionalize and stabilize GNP bioconjugates. For example, when GNPs are positively charged, they bind by stable ionic interactions to negatively charged and nucleophilic moieties. Specifically, GNPs may interact with the phosphate ester backbone of nucleic acids, 11 electron-dense regions of poly(amidoamine) dendrimers, 12 or negatively-charged carboxylate groups. 13 The molecular mass of the biological molecule and the overall charge of its functional groups are important in this regard. Biological molecules containing simultaneous acidic and basic groups (for example, proteins) are efficient in stabilizing GNPs.
14 In general, it is commonly accepted that stabilization of GNPs by biological molecules occurs through passive adsorption of the biological molecule onto the nanoparticle surface by electrostatic and hydrophobic interactions. A strong negative charge on the citrate-stabilized GNP surface provides opportunity for Coulombic interaction with NH 2 groups of lysine residues of proteins adsorbed on the nanoparticle surface.
Thiolated biomolecules can directly be bound on GNP surface via thiol-gold affinity interactions. DNA-GNP aptamers have been created for recognition of thrombin, 15 platelet-derived growth factors, 16 and cancer-associated epitopes. 17 In addition, biological molecules that have a functional group which can bind to the gold surface (like thiols or specific peptide sequences) can replace some of the original stabilizer molecules when they are added directly to the particle solution. In this way, molecules like oligonucleotides, peptides, or PEG can be readily linked to GNPs. [18] [19] [20] The advantage of physical adsorption is that the nanoparticles have a minimum effect on the structure and function of the biological molecule. With native structure intact, the activity, selectivity, and specificity of the biological molecule towards a particular target are largely unaffected. However, the drawback of this approach is the possibility of downstream desorption of the biological molecules from the GNP surface. Therefore, characterization of synthesized conjugates is necessary, in particular to rule out aggregation effects or unspecific binding during the conjugation process.
Alternatively, biological molecules can also be attached to the shell of stabilizer molecules around the GNPs by bioconjugate chemistries. The most common protocol is the covalent linkage of amino groups on the biological molecules with carboxyl groups at the free ends of stabilizer molecules by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl-mediated reaction. 21 Using this protocol, almost all kinds of biological molecules can be attached to the nanoparticle surface ( Figure 3 ). This so called "click chemistry" has been shown to give GNPs molecule-specific binding sites, such as for biotin-streptavidin (SA) linking 22 and azide-linking. 23 For proteins, azide linkages have created GNPs with fully functional lipases from Thermomyces lanuginosus.
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A variety of macrostructures can form when various gold nanomaterials assemble with biomolecules. Different methods for preparing various GNPs provide scientists with a "bottom-up" approach to materials synthesis where the scientists engineer the building blocks and the macrostructures build themselves. widespread usage for nucleic acids, protein-functionalized GNPs can self-arrange into monolayers and provide a scaffold onto which arrays of enzymes attach. Controlling interparticle proximity by changing the length of DNA linkers allows for elaborate monolayer construction such as sheets with evenly spaced wells. 25 These monolayers can also be stacked and arranged in alternating molecular patterns through layerby-layer deposition. [26] [27] [28] Another means that may be amenable for attaching macromolecular DNA or RNA is by coating the gold surface with alternating layers of cationic and anionic polyelectrolytes. 29 Synthesizing DNA or peptide linkers between GNPs confer these building blocks with programmable spatial coordinates. This can give an exquisite level of control, as the polymerase chain reaction can be performed directly on the surface of GNPs for this kind of organization. 18 Any or all of these approaches may potentially be modified for gene or RNA stabilization and delivery as well, though remain to be tested. The possibilities for functionalization upon GNPs are vast. These are just a portion of the reported functionalization methods and types of groups that have been attached to GNPs. New ways of functionalization and different types of group attachment are subjects of an intensely growing area of nanotechnology research.
Characterization
Functionalized GNPs behave in a variety of fashions depending on their size, charge, shape, concentration, and differences in bound ligands. [30] [31] [32] Methods for quantifying these properties include the detection of electrical, optical, and photothermal emission and absorption, mobility shift, and size differences. GNPs can be characterized by their localized surface plasmon resonance (LSPR), whereby free electrons oscillate in response to light stimulation. This resonance can manifest as light scattering, which is detectable by spectroscopy. At certain wavelengths, light absorption produces heat instead of scattering. Field coupling between adjacent GNPs produces distance-dependent disturbances in their LSPR which allows for characterization of interparticle proximity. 33 The addition of groups to GNPs can result in the formation of heterogeneous products. Distinctive bands corresponding to the number of oligonucleotides bound to GNPs have been shown by gel electrophoresis. 34, 35 The distribution of GNPs with varying levels of conjugation can be quantified by high-performance liquid chromatography (HPLC). Theoretical models have been devised to predict the approximate heterogeneity of a given GNP-ligand solution. 36 Since the melting temperature (T m ) of GNP-DNA conjugates is size-dependent, they can be separated based on size from a heterogenous solution via serialized centrifugation at successively lower temperatures. 37 GNPs can also be characterized by size according to their electron dynamics in response to photoexcitation where absorption of light can cause the "bleaching" of surface plasmon interband transitions. 38 Adsorption of molecules to gold nanorods (GNRs) can be confirmed by surface-enhanced Raman scattering, Fourier transform infrared spectroscopy, X-ray photoemission spectroscopy, nuclear magnetic resonance (NMR), dynamic light scattering, and fluorescence spectroscopy. 5, 6, 39 Since GNPs less than 2 nm in size have different electron distributions than larger nanoparticles, the application of agents that bind to the surface of those particles will follow different collisional models for quenching. This allows for characterizing the transition of nanoparticles to free atoms in suspension and confirming their binding to ligands. 40 Quartz crystal microbalance (QCM) is yet another technique successfully used to compare the binding affinity of GNPs to different ligands. 41 
Stabilization
The literature relates stabilization properties to functionalized GNPs that demonstrate the ability to prevent molecular aggregation and/or degradation. Our interests are more focused on the ability of the nanomaterial to prevent nucleic acids and other conjugates from degradation. DNA-GNP complexes exhibit unique properties and increase stabilization in the presence of DNA hydrolyzing enzymes in physiological conditions. 42 Current research illustrates various factors that prove to have significant relevance to the degree of stabilization, as well as techniques in which stabilization may be achieved.
In terms of physical stabilization, GNRs can be coated by cetyltrimethylammonium bromide to form stable lattices of different shapes such as honeycombs and square tiles. 43 Zeta-potential measurements of ligands bound to GNPs can be used to confirm stabilization as this is a mode of detecting the magnitude of repulsion between particles and thus their propensity to aggregate. 44 Peptide chemistries, in addition to assembly advantage, may also provide stabilization. 45 SA protein displays relatively superior biomolecular-colloidal stability for the purpose of antisense oligonucleotide delivery involving cellular penetration by way of signaling peptide sequences from viruses. 46 Evidence suggests that increased density in an oligonucleotide conjugated to a GNP correlates to increased stabilization, likely as a result of interference of high surface charge densities on foreign nucleic acid recognition enzymes that are involved in the immune 
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Functionalized gold nanoparticles response. 47 Similar to the effects of oligonucleotide density, multidentate peptide ligands have shown positive potential. 45 Stability of DNA on GNPs has been reported to be sequencespecific with different nucleosides having different binding affinities to the assemblage. 42 Immobilization of DNA onto gold has also been reported to enhance its thermal stability. 48 Polyvalent and PEGylation approaches are also reported to stabilize DNA in conjunction with gold. 49, 50 For example, PEG, possessing a pentaethylenehexamine at one end of each polymer chain (N6-PEG), acts as a surface-modifier in cooperation with the cations of salts in physiological conditions to reinforce the formation of the GNPs. In addition, immobilization of the PEG-derived substances on the modified surfaces results in the high-level stabilization of the GNPs. 51 Amphiphile DNA micelles, and/ or electrostatic assembly and peptide capping, also have a bearing on particle and DNA stabilization. [52] [53] [54] The stabilizing effects of protein folding, which are dependent upon length, hydrophobic properties, and electrostatic charge, imply applications for peptide capping ligands for DNA/ GNP-complex stabilization. 54 Nanoparticles developed into DNA triple helices require the presence of stabilizing triplex DNA binding molecules to assemble, due to the thermal instability of the triple helix at room temperature. 55 The common laboratory technique of centrifugation has recently been explored as a means to polarize GNP clusters, which facilitates the attraction and electrical conductivity between the molecules and results in more stable linear assemblages. 56 Laser irradiation, accompanied by ionization and pH shifts, is a technique which may stabilize GNPs that are functionalized with a single layer of thiobarbituric acid (TBA) through dimensional reduction, as well as the inherent reinforcing properties of TBA.
DNA delivery
The application of functionalized GNP-DNA conjugates in therapeutics is reliant upon efficient and successful delivery. Surface-functionalization here also affords controlled release and exquisite control of their activity and uptake into cells. From a physiochemical standpoint, the GNP primarily serves as the delivery agent, not the effector, as the ability to add noncovalent stable groups to GNPs makes it easier to dissociate the two inside the cell. GNPs have been shown to dissociate from conjugated groups by laser-induced, ultrafast thermal changes, 58 potentially allowing for in vivo controlled release without micromanaging local disturbances in the molecular environment. Although, once again, much of the work has focused on DNA, controlled release has been accomplished via optical or electrochemical methods. [59] [60] [61] [62] Remotely controlled GNPs with near-infrared illumination have demonstrated their potential as optical switches for gene delivery by use in releasing gene-interfering DNA oligonucleotides. 54 Another method for optical activation uses UV light as a means for illumination, activating the release of a biologically inhibiting caging group from a functional amino acid sequence covalently attached to a nanoparticle and thus permitting the nanocomplex to bind to a cell. 61 Nanoparticle bioconjugates confined to patterned gold electrodes by thiol bonds have shown both the means to control the electrochemical release of nanoparticle conjugates as well as the ability to restore the electrodes used by the same conjugation mechanism by way of the reductive secretion of endogenously constructed monolayers which allow for regulated release and regeneration of materials. 62 To date, there has been much more focus on publications discussing the chemistry and functionalization of GNPs for diagnostic applications than for DNA delivery. For example, much of the work on GNPs and DNA is aimed at chemical detectors and monitors, or so-called GNPs as chemical "antennas", for DNA. This includes work looking at particle radius 63 for the purpose of hybridizing DNA linkers onto the gold surface, 64 aggregation and disaggregation, or selective desorption. 65 Fluorescence-based methods, 66 or others specific for DNA sequences, 67 can allow for detection at very low concentrations with enhanced sensitivity. 1 GNPs possess different optical properties based on their distance from each other. Mirkin and coworkers have prepared and verified the length of oligonucleotides by attaching them to GNPs and correlating the absorbance of the resulting mixture with the length of the DNA between them. This assay is particularly sensitive and capable of detecting DNA at the femtomolar level. 1 In recent years, investigators have begun applying their knowledge of GNP chemistry and functionalization to the difficult challenge of DNA delivery. One seminal paper by Chithrani et al 68 determined size and shape dependence of GNP uptake into human cells. Another critical factor in delivery is the loading efficiency of the nucleic acid, which has been optimized for DNA oligonucleotides onto GNPs. 69 An alternative approach has been to load genes onto a GNP surface functionalized with amino acids or dendrimeric derivatization. 70 Another approach that we and others have taken is to deliver the nanoparticles with the gene as passenger complexes bound to gold microparticles. 71, 72 We have shown this to achieve bioactive delivery of a nanoparticle DNA vaccine. A variety of surface functionalizations of GNPs have submit your manuscript | www.dovepress.com
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DeLong et al been attempted to improve uptake 72, 73 as well as intracellular distribution, 74 including derivatization with sugar, 75, 76 lighttriggered chemistries, 77 and others. 78 Finally, one recent and exciting direction is the functionalization of gold for the purpose of both targeting and tissue specificity in an attempt to induce robust bioactivities, such as immune responses. 79 Such general approaches to nanoparticle-cell interaction and intracellular delivery are illustrated in Figure 4 .
Nanoconjugations capable of reversing their assemblage have potential for drug delivery. The programmed disassembly is accomplished by DNA linkers containing mismatches at specified locations and yield efficient attachment and release from the surface of GNPs in a counterion-screened electric field. 62 As mentioned in the stabilization section, amino acids show efficacy in DNA binding and delivery. Two specific biomolecular complexes utilizing lysine and lysine dendron functionality display sensitivity to glutathione levels within cells and, therefore, provide selective delivery and subsequent expression of DNA. 70 A novel species of DNA block copolymer amphiphiles of typical micelle uniformity have been reported as potential mobilization agents for nanovesicles. 52 Viruses, such as the Moloney murine leukemia virus, have been utilized as tools for delivery of nanoparticles into the cell cytosol. By extrusion, GNPs may be coated with virusderived membranes, thereby allowing them to bind and invade cells bearing particular viral receptor sites. 79 Complexation of DNA to cationic glycopolymer-stabilized GNPs shows potential as a solution to the problems of endosomal withdrawal and nuclear uptake in gene delivery with their demonstrated reluctance to aggregate in and ability to associate well in physiological conditions. 75 Transfection efficiencies of cationic glyconanoparticles display a size-dependency in their efficiency as gene delivery agents. 76 A biolistic method for the delivery of nucleic acids via cationic microparticles and nanoparticles has been declared to be less complex to carry out than the common calcium/ spermidinebased strategy, and purportedly displays a remarkably efficient nucleic acid binding ability and functioning dependent upon concentration. 71 Correlating with factors of stabilization, the oligonucleotide density on the surface of the particles is directly proportional to uptake efficiency, thereby inferring that the more proteins stabilizing the nanoparticle, the greater the probability of successful uptake. 46 Also similar to stabilization characteristics is the importance of dimensional and electrical properties of nanoparticles in the delivery of therapeutic substances such as DNA or RNA. As shown in delivery to the gastrointestinal tract, larger-sized particles provided a greater surface area for functionalization with polymer chains which, through the subsequently enhanced stabilization, allowed for greater cellular uptake in the tested epithelial cells.
The polarity of the particles also contributed to the delivery efficiency, with positively-charged GNPs displaying highest deliverance potential and the negatively-charged GNPs showing greater cellular uptake than neutral GNPs, which was likely due to their affinity for membrane proteins. 76 Specifically, for DNA binding and cell uptake, biocompatible GNPs have been touted, so-called positively-charged colloidal gold nanoparticles (PGN). PGNs were shown to deliver interleukin-2 plasmid DNA and to elicit significant expression in mice. 80 GNPs grafted with polyethyenimine showed enhanced delivery of plasmid and importantly these retained activity in the presence of serum which is usually a great limitation for liposomal or polymeric delivery. 81 Importantly for cell uptake, coating the surface of GNP with PEG impacted endocytosis and intracellular trafficking pattern altering it relative to traditional citratestabilized GNP. In this work, the authors found that PEG-GNP was found in both cytosol and smaller intracellular vesicles, unlike citrate-stabilized GNP. 82 The plasma membrane is the first surface that the GNPs encounter and recently it has been shown that the surface charge of the GNP which was modulated by the attachment of cationic or anionic moieties can alter a cell's membrane potential and depending on the cell type can affect cell proliferation, viability, and apoptosis. 83 
RNA delivery
Free, unmodified small interfering RNA (siRNA) is notoriously unstable and sensitive to nucleases when delivered 
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Functionalized gold nanoparticles into nonembryonic mammalian cells. 84, 85 A variety of chemically modified siRNAs, especially methylation at the 2′-OH hydroxyl group, 86 peptide conjugation, 87 or PEGylation, 88 have partly addressed the stability issue. However, attachment of siRNA to GNPs or other nanomaterials will provide important delivery as well as stabilization advantages, ideally without excessively modifying the oligo-or nanoparticle. GNPs may also possess a more efficient loading or assemblage for accomplishing RNA interference, since the radial arrangement of siRNA about the surface of a GNP uniquely creates extra working area per unit particle. Although it is possible to unload siRNA from the GNP by laser stimulation inside the cell, it is not necessary because researchers have successfully triggered RNA interference without that step.
Experiments with GNPs coated with siRNA via thiolmodified oligoethylene glycol bridges have allowed for Luciferase knockdown in HeLa cells without affecting cell viability. 89 For efficacy, a layer-by-layer approach to siRNA deposition onto GNPs has been developed for identical unit preparation; also showing successful delivery into cells. 90 It is interesting that both gene therapy and siRNA experiments have shown success in cells without direct attempts to liberate the RNA from the complex. Further experiments may clarify how a RISC loading complex is able to interact with siRNA on a GNP and whether it is capable of dissociating them or forming a cluster of multiple catalytic sites. In addition to more research required on GNPs in terms of their advantages for cell entry and protection of the RNA molecules from degradation, other possible limitations may be endosomal release and/or nuclear delivery as well known for other systems.
There is intense interest in GNP delivery of nucleic acids to induce immune response and this has been shown recently for GNRs and their delivery of single-stranded RNA (5′-PPP-ssRNA). 91 Another double-stranded RNA (dsRNA) molecule, polyinosinic:polycytidilic acid (poly I:C) has been extensively clinically tested and there is a great deal of interest in its formulation via nanoparticles since it is such a powerful immunostimulant and activator of toll-like receptor.
92,93
Conclusion and future
In summary, Table 1 presents an overview of the wide variety of approaches used by researchers to date in order to functionalize GNPs for the purpose of binding, stabilizing, and delivery of DNA, RNA, and other biological macromolecules. This includes methods such as adding various sulfur and linker chemistries, amino acids and peptides, ligand exchange, electrostatic interactions, etc in order to create a surface which will bind these macromolcules. A variety of factors have now been identified which upon such functionalization will influence the bioactivity of the GNPs. This includes their size, shape, charge and electron density, concentration, solvent, spatial coordinates, pH, and of course their method of preparation. Characterization chemistries are another important area of active research including but not limited to light scatter and a variety of spectroscopic and fluorimetric techniques, plasmon resonance, infra red and X-ray spectroscopy, QCM, centrifugation, gel electrophoresis, HPLC, and NMR.
There are still, however, a number of challenges or obstacles to be overcome for GNPs to reach their full potential as delivery reagents for therapeutic DNA, RNA, and other macromolecules. Despite the apparent breakthrough of getting siRNA into the cell and preserving its integrity, structure, and activity, the toxic effects of different GNPconjugates elicit mixed results depending on particle size and other factors. [81] [82] [83] This is problematic, but development of safe GNP-siRNA delivery complexes is hopeful and research is ongoing. It has been shown that macrophages will internalize GNPs without triggering the inflammatory response, 91 though the final excretory fate in multicellular organisms is still under study. Clinical trials for other siRNA delivery systems such liposomes, polymers, nongold cationic polyelectrolyte complexes, and virus-based vectors have been delayed because of their variability in cytotoxicity tests, 92 so research into GNP-conjugation offers a promising alternative. For the moment it seems that gene therapy in humans is realizable, if not with GNPs then with another agent, drawing from similar chemistries.
In conclusion, a variety of conjugation chemistries for modifying surfaces have resulted in the fabrication of many GNP derivatives with multifunctional purposes. Applications of these range from homing devices and molecular "antennae" to platforms for the delivery of drugs of all kinds, including DNA. In the case of drug and gene delivery for GNRs, this was recently reviewed by Pissuwan et al. 93 With advances in surface chemistry, there come novel applications for characterizing the GNP bionanoconjugates such as plasmon absorption, light scatter and other optical methods, QCM, electrophoresis and HPLC, and many more. Certainly for protein GNP bioconjugates, these chemistries are now well established, though they do not ensure conjugate enhancement. A conformational change in the biomolecule in response to GNP binding or functional group linkage could enhance, stabilize, or reduce its activity as can be seen by studies on different complexes. 24 Research in our lab and many others across the world is now engaged in determining whether these conjugation and characterization chemistries and approaches for stabilization and delivery can be applied to DNA vaccines and therapeutic RNA molecules, such as siRNA, splice-site switching oligomers, the double-stranded RNA immunostimulant polyinosinic polycytidilic acid (poly I-C), RNA vaccines, and others. It is clear that these nucleic acid nanoparticles have very potent and specific bioactivities and represent a powerful new generation with potential for molecular therapy stabilized and delivered via the emerging exciting field of biomedical nanotechnology. 
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